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A b s t r a c t  
The STS Centaur was des igned t o  be a h i g h  
energy upper s tage f o r  use w i t h  t h e  Space S h u t t l e .  
Two v e r s i o n s  were des igned and under development 
when t h e  program was c a n c e l l e d .  The f i r s t  vers ion.  
des ignated  6-pr ime,  was des igned f o r  p l a n e t a r y  
miss ions .  The second vers ion .  des ignated  G, was 
des igned t o  p l a c e  s p a c e c r a f t  i n  geosynchronous 
o r b i t .  As a p a r t  o f  t h e  STS Centaur f i n i t e - e l e m e n t  
model v e r i f i c a t i o n  e f f o r t ,  t e s t  a r t i c l e s  o f  bo th  
v e r s i o n s  were sub jec ted  t o  a s e r i e s  o f  s t a t i c  t e s t s .  
I n  a d d i t i o n  t h e  Centaur G-prime t e s t  a r t i c l e  was 
sub jec ted  t o  a s e r i e s  o f  dynamic t e s t s  i n c l u d i n g  a 
modal survey.  Both t h e  s t a t i c  and dynamic t e s t s  
showed t h a t  n o n l i n e a r i t i e s  e x i s t e d  i n  t h e  Centaur 
and i t s  suppor t  system. The suppor t  system inc luded 
f l i g h t - l i k e  l a t c h e s .  The n o n l i n e a r i t i e s  were par- 
t i c u l a r l y  apparent  i n  t e s t s  t h a t  loaded t h e  forward 
suppor t  s t r u c t u r e  o f  t h e  Centaur. These t e s t  
r e s u l t s  were used t o  a i d  i n  t h e  development o f  two 
improved f i n i t e - e l e m e n t  models. The f i r s t  was a 
l i n e a r  model, w h i l e  t h e  second conta ined non l inear  
elements a t  t h e  boundar ies.  Resu l ts  f r o m  b o t h  
models were compared w i t h  t h e  t r a n s i e n t  response 
ob ta ined f r o m  a s t e p - r e l a x a t i o n  o r  twang t e s t .  The 
l i n e a r  model was a b l e  t o  a c c u r a t e l y  match t h e  l o w  
f requency response found i n  t h e  t e s t  da ta .  However, 
o n l y  t h e  n o n l i n e a r  model was a b l e  t o  match h igher  
f requency response t h a t  was present  I n  some o f  the 
t e s t  da ta .  I n  a d d i t i o n  t h e  n o n l i n e a r  model was 
a b l e  t o  p r e d i c t  o t h e r  n o n l i n e a r  behav io r  such as 
t h e  dynamic " jump" t h a t  occurs i n  systems w i t h  non- 
l i n e a r  s t i f f n e s s .  
I n t r o d u c t i o n  
An i m p o r t a n t  aspect  i n  t h e  des ign  o f  r e l i a b l e  
s t r u c t u r e s  i s  t h e  a v a i l a b i l i t y  o f  accura te  des ign 
loads .  I n  t h e  des ign  o f  aerospace s t r u c t u r e s  t o  
dynamic l o a d s  t h i s  r e q u i r e s  knowledge o f  f o r c i n g  
f u n c t i o n s  ( a  " g i v e n "  f o r  Space S h u t t l e  pay loads) , l  
and an a c c u r a t e  r e p r e s e n t a t i o n  o f  t h e  s t i f f n e s s ,  
mass, damping. and boundary c o n d i t i o n s  o f  t h e  pay- 
load.  The usua l  method o f  r e p r e s e n t a t i o n  i s  the  
f i n i t e  element model (FEM). One requi rement  f o r  
f l y i n g  on S h u t t l e  i s  t h a t  t e s t  d a t a  v e r i f y  t h e  
accuracy o f  t h e  FEM.1 
The Centaur G and G-primez-6 a r e  two h i g h  
performance upper stages des lgned f o r  use i n  the  
Space T r a n s p o r t a t i o n  System ( S l S ) .  NASA's Lewis 
Research Center had management r e s p o n s i b i l i t y  for 
t h e  des ign,  development, and t e s t  o f  these two 
stages.  General Dynamics Space Systems D i v i s l o n  
per formed t h e  work under c o n t r a c t  t o  NASA. NASA 
and t h e  Department o f  Defense j o i n t l y  funded the 
program. Centaur G has t h e  des ign  c a p a b i l i t y  of 
p l a c i n g  s p a c e c r a f t  we igh ing  g r e a t e r  than 5 t o n s  
i n t o  geosynchronous o r b i t .  Centaur G-prime was 
des igned p r i m a r i l y  f o r  p l a n e t a r y  miss ions  and was 
scheduled t o  launch G a l i l e o  t o  J u p i t e r 7  and Ulysses 
t o  t h e  sun i n  May o f  1986. F o l l o w i n g  t h e  S h u t t l e  
Cha l lenger  51-L a c c i d e n t  on January 28. 1986, 
s a f e t y 8  and o t h e r  c o n s i d e r a t i o n s  i n v o l v e d  w i t h  
i n t e g r a t i n g  Centaur i n t o  S h u t t l e  were reevaluated.  
T h i s  r e e v a l u a t i o n  r e s u l t e d  i n  t h e  c a n c e l l a t i o n  o f  
t h e  S h u t t l e K e n t a u r  program by NASA on June 19, 
1986. 
Before  c a n c e l l a t i o n ,  as a p a r t  o f  t h e  FEH 
v e r i f i c a t i o n  e f f o r t ,  Centaur 6-pr ime had undergone 
a complete s e t  o f  s t i f f n e s s  and dynamic t e s t s .  
S t i f f n e s s  t e s t i n g  o f  Centaur G had s t a r t e d  and a t  
t h e  t i m e  o f  c a n c e l l a t i o n  two component t e s t s  had 
been completed. Whi le  a t  p r e s e n t  i t  i s  u n l i k e l y  
t h a t  t h e  t e s t  r e s u l t s  w i l l  be a p p l i c a b l e  t o  Centaur  
f l y i n g  i n  S h u t t l e ,  some o f  t h e  r e s u l t s  were o f  a 
genera l  n a t u r e  w i t h  p o t e n t i a l  a p p l i c a b i l i t y  t o  o t h e r  
S h u t t l e  pay loads.  
l i n e a r  e f f e c t s .  Three types  o f  n o n l i n e a r i t i e s  were 
i d e n t i f i e d  d u r i n g  t h e  Centaur G/G-prime v e r i f i c a t i o n  
e f f o r t .  The f j r s t  was a s t r u c t u r a l  n o n l i n e a r i t y  i n  
t h e  f o r w a r d  suppor t  s t r u c t u r e  o f  t h e  Centaur .  The 
o t h e r  two n o n l i n e a r i t i e s  were a s s o c i a t e d  w i t h  t h e  
i n t e r f a c e  between Centaur and S h u t t l e .  T h i s  i n t e r -  
f a c e  i s  a t r u n n i o n  (Centaur)  t o  l a t c h / r a i l  ( S h u t t l e )  
connect ion  and has gapping and f r i c t i o n  n o n l l n e a r i -  
t i e s .  The e f f e c t  o f  t r u n n i o n  f r i c t i o n  on pay loads 
i s  a t o p i c  o f  s i g n i f i c a n t  studyg-13 and debate.  
Foremost among these were non- 
T h i s  paper w i l l  b r i e f l y  d e s c r i b e  Centaur  G/G- 
pr ime and t h e i r  suppor t  systems b o t h  i n  t h e  S h u t t l e  
and d u r i n g  t e s t .  I t  w i l l  document t h e  n o n l l n e a r i -  
t i e s  measured d u r i n g  s t i f f n e s s  t e s t i n g .  The dynamic 
response o f  Centaur 6-prime was ob ta ined i n  s e v e r a l  
ways. The f i r s t  was a modal survey.  Here t h e  paper 
w i l l  c o n c e n t r a t e  on t h e  s teady s t a t e  response a t  
f i v e  resonant  f requenc ies  ( s i n e  d w e l l  e x c i t a t i o n ) .  
P r e t e s t  a n a l y s i s  showed t h a t  these f i v e  modes were 
t h e  i m p o r t a n t  loads  produc ing  modes. I n  a d d t t l o n ,  
t h e  paper p resents  t h e  dynamic response o f  one 
h i g h l y  n o n l i n e a r  mode t o  s i n e  sweep e x c i t a t i o n .  
F i n a l l y .  t h e  paper p resents  t h e  t r a n s i e n t  response 
o f  Centaur 6-pr ime t o  s t e p - r e l a x a t i o n  ( twang)  e x c i -  
t a t i o n .  The r e s u l t s  o f  v a r i o u s  l i n e a r  and n o n l i n e a r  
a n a l y t i c a l  approaches a v a i l a b l e  I n  t h e  NASlRAN FER 
computer program14 and taken t o  improve t e s t /  
a n a l y s i s  c o r r e l a t i o n  w i l l  be shown. Comparison 
between t e s t  and a n a l y s i s  w i l l  be made f r o m  b o t h  
t i m e  h i s t o r i e s  and response s p e c t r a  a n a l y s i s .  
Conclus ions w i l l  be drawn concern ing  t h e  r e l a t i v e  
impor tance o f  t h e  v a r i o u s  types  o f  n o n l i n e a r i t i e s  
I n v e s t i g a t e d .  
Centaur C o n f i g u r a t i o n s  
F i g u r e  1 shows t h e  two STS Centaur c o n f i g u r a -  
t i o n s .  Centaur i s  a h i g h  energy l i q u i d  hydrogen/  
l i q u i d  oxygen upper s tage.  The tanked w e i g h t  o f  
Centaur G i s  approx imate ly  37 000 l b  w h i l e  t h a t  o f  
G-prime I s  50 000 l b .  S t r u c t u r a l l y ,  t h e  STS Centaur 
c o n s i s t s  o f  t h e  f o l l o w i n g  components. S t a r t i n g  a t  
t h e  f o r w a r d  end and r e f e r r i n g  t o  F i g .  2, t h e  f i r s t  
component i s  t h e  f o r w a r d  adapter .  The f o r w a r d  
adapter  c o n s i s t s  o f  a c o n i c a l  aluminum s e c t i o n  
( r i v e t e d  r i n g ,  s t r i n g e r .  s k i n  c o n s t r u c t i o n )  and a 
graph i te /epoxy  c y l i n d r i c a l  s e c t i o n .  The c o n i c a l  
s e c t i o n  serves as a mount ing p l a t f o r m  f o r  a v i o n i c s  
and o t h e r  equipment. The fo rward  suppor t  s t r u c t u r e  
a t t a c h e s  t o  t h e  f o r w a r d  end o f  t h e  c o n i c a l  adapter .  
I t  c o n s i s t s  o f  t h r e e  t i t a n i u m  beams suppor ted  by 
boron/aluminum s t r u t s .  The o u t e r  ends o f  these 
beams a r e  t h e  f o r w a r d  I n t e r f a c e  l o c a t i o n  between 
Centaur and S h u t t l e .  The n e x t  components a r e  t h e  
two p r e s s u r e  s t a b i l i z e d ,  welded s t a i n l e s s  s t e e l  
c ryogen ic  p r o p e l l a n t  tanks. 
i n t e r f a c e s  w i t h  a second graph i te /epoxy  adapter ,  
t h e  a f t  adapter .  The f i n a l  two major  s t r u c t u r a l  
components a r e  t h e  deployment adapter  and t h e  
Centaur suppor t  s t r u c t u r e  (CSS). Both  a r e  r i v e t e d  
aluminum s t r u c t u r e s .  They p r o v i d e  t h e  l o a d  p a t h  
between t h e  a f t  end o f  Centaur and t h e  o r b i t e r .  and 
remain w i t h  t h e  o r b i t e r  a f t e r  Centaur deployment. 
The l l q u i d  oxygen t a n k  
The STS Centaur was des igned t o  I n t e r f a c e  w i t h  
l a t c h e s  i n  t h e  S h u t t l e  o r b i t e r  a t  e i g h t  p laces  as 
shown i n  F i g .  2. W i t h  two except lons  each t r u n n i o n  
c a r r i e s  p r l m a r y  loads  i n  o n l y  one d i r e c t i o n  and I s  
f r e e  t o  s l l d e  r e s t r a l n e d  o n l y  by f r i c t i o n  i n  t h e  
o t h e r  two d i r e c t i o n s .  The except lons  a r e  t h e  
Centaur suppor t  s t r u c t u r e  (CSS) fo rward  s i l l  t r u n -  
n ions  wh ich  c a r r y  b o t h  X- and 2 - d i r e c t i o n  loads .  
There a r e  a t o t a l  o f  14 s l l d l n g  l o c a t i o n s  between 
Centaur and S h u t t l e .  F igure  3 shows a photograph 
o f  a t y p i c a l  t r u n n i o n - t o - l a t c h  connect ion .  For  
deployment t h e  f o r w a r d  s i l l  l a t c h e s  r e l e a s e  and 
Centaur I s  r o t a t e d  t o  a 45' angle.  Th is  r o t a t i o n a l  
c a p a b l l l t y  r e s u l t s  i n  four  a d d i t i o n a l  s l l d l n g  l o c a -  
t i o n s  I n  Centaur between t h e  deployment adapter  and 
css. 
There a r e  two types o f  n o n l i n e a r i t i e s  a s s o c i -  
a t e d  w i t h  these l a t c h e s .  The f i r s t  I s  due t o  
necessary c learances  between t h e  t r u n n i o n  and l a t c h  
and between t h e  l a t c h  and r a i l .  Loading e l l m l n a t e s  
these c learances  b u t  w h l l e  t h l s  i s  happening t h e  
j o i n t  r e a c t s  a t  a reduced s p r i n g  r a t e .  The second 
n o n l i n e a r i t y  i s  due t o  s l i d i n g  between t r u n n i o n  and 
l a t c h  and between l a t c h  and r a i l .  F r i c t i o n  can 
cause n o n l i n e a r  mot ion  here dependlng on t h e  normal 
f o r c e ,  f r i c t i o n  c o e f f i c i e n t .  and d r i v i n g  f o r c e .  I f  
t h e  p r o d u c t  o f  t h e  normal f o r c e  and f r i c t i o n  c o e f -  
f l c i e n t  exceeds t h e  d r l v i n g  f o r c e ,  t h e  j o i n t  w i l l  
s t i c k .  I f  t h l s  p roduc t  i s  l e s s  t h a n  t h e  d r i v i n g  
f o r c e ,  t h e  j o i n t  w i l l  s l i d e .  F i g u r e  4 presents  a 
t i m e  h l s t o r y  f r o m  t h e  Centaur 6-pr ime twang t e s t  
demonst ra t ing  t h i s  phenomenon. 
The major  element i n  Centaur t h a t  behaved i n  a 
n o n l i n e a r  manner was the  fo rward  suppor t  s t r u c t u r e ,  
shown i n  F i g .  5 .  As the  f i g u r e  shows, t h e r e  a r e  
f i v e  j o i n t s  a s s o c i a t e d  w i t h  each t r u n n l o n .  They a r e  
c l e v i s - t y p e  j o i n t s  w i t h  s p h e r i c a l  bear ings  t o  main- 
t a i n  a p inned end c o n s t r a i n t .  The n o n l i n e a r i t y  I s  
due t o  c learances  i n  the  c l e v i s  b o l t s  and bushlngs 
and i n i t i a l  compression o f  t h e  T e f l o n  l i n e r  i n  t h e  
s p h e r i c a l  bear ings .  The j o i n t  r e q u i r e s  a f o r c e  o f  
about  1000 l b  b e f o r e  I t  achieves I t s  f u l l  s t i f f n e s s .  
T h i s  n o n l i n e a r i t y  i s  I n  s e r i e s  w i t h  t r u n n i o n  gap- 
p i n g .  For  model ing purposes, t h e r e  was no a t tempt  
t o  separa te  t h e  two e f f e c t s .  I n  t h l s  paper t h e  
combined e f f e c t  I s  r e f e r r e d  t o  as t h e  s t i f f n e s s  
n o n l i n e a r i t y .  
Model V e r i f i c a t i o n  Tes t inq  and N o n l i n e a r  Resu l ts  
T h l s  s e c t l o n  de f ines  t h e  scope o f  t h e  t e s t i n g  
done t o  v e r i f y  t h e  STS Centaur mathemat ica l  models 
and presents  r e s u l t s  t h a t  show t h e  types  o f  non- 
l l n e a r i t i e s  encountered d u r i n g  t h i s  t e s t i n g .  
Scope o f  _ T e s t i n g  
For  s t r u c t u r a l  dynamics model ing I t  was 
I m p o r t a n t  t o  c o n s i d e r  the STS Centaur I n  two 
c o n f i g u r a t i o n s .  The f i r s t  I s  c a l l e d  t h e  cargo e l e -  
ment c o n f l g u r a t i o n .  T h l s  represents  t h e  Centaur I n  
t h e  o r b i t e r  bay, suppor ted  i n  l a t c h e s  as descr ibed 
e a r l l e r .  T h l s  I s  t h e  c o n f i g u r a t i o n  used I n  c a l c u -  
l a t i n g  l i f t - o f f  loads  as w e l l  as a b o r t  maneuver and 
l a n d i n g  loads .  
f r e e  f l i g h t  c o n f i g u r a t i o n  a t t a i n e d  a f t e r  Centaur i s  
deployed and separated f r o m  t h e  o r b i t e r .  For  t e s t -  
i n g .  t h l s  c o n f i g u r a t i o n  was s i m u l a t e d  by suspending 
Centaur f r o m  t h e  f o r w a r d  end on s p r i n g s .  T h i s  con- 
f i g u r a t l o n  i s  a l s o  i m p o r t a n t  I n  c o n t r o l  dynamics 
s t u d i e s .  The t e s t i n g  was des igned t o  p r o v i d e  d a t a  
f o r  check ing  t h e  i m p o r t a n t  c h a r a c t e r i s t i c s  o f  b o t h  
c o n f i g u r a t i o n s .  The r e s u l t s  o f  t h e  f r e e  f l i g h t  
c o n f i g u r a t i o n  t e s t s  a r e  n o t  I n c l u d e d  i n  t h i s  r e p o r t .  
Table 1 summarizes t h e  t e s t i n g  conducted t o  
v e r l f y  t h e  STS Centaur FEM s t i f f n e s s  r e p r e s e n t a t i o n .  
I n  t h e  cargo e lement  c o n f i g u r a t i o n  t h e  s t i f f n e s s  of 
t h e  s u p p o r t i n g  s t r u c t u r e  determines t o  a l a r g e  
degree t h e  dynamic response o f  t h e  Centaur. A t  t h e  
fo rward  end t h i s  i s  t h e  fo rward  adapter  and f o r w a r d  
suppor t  s t r u c t u r e  and a t  t h e  a f t  end, t h e  CSS. 
Because o f  t h e  impor tance o f  t h e  CSS s t i f f n e s s .  b o t h  
t h e  G and G-prime v e r s i o n s  were sub jec ted  t o  compo- 
nent  s t i f f n e s s  t e s t s .  F i g u r e  6 shows t h e  l o a d i n g  
c o n d i t l o n s  f o r  these t e s t s .  The Centaur G f o r w a r d  
adapter  i n c l u d i n g  I t s  f o r w a r d  suppor t  s t r u c t u r e  was 
a l s o  s u b j e c t e d  t o  a component s t i f f n e s s  t e s t .  
F i g u r e  7 g i v e s  t h e  l o a d i n g  c o n d i t i o n s .  The f i n a l  
s e r i e s  o f  s t i f f n e s s  t e s t s  were conducted on Centaur 
G-prime i n  t h e  cargo  element c o n f i g u r a t i o n .  
F l g u r e  8 g i v e s  these l o a d i n g  c o n d i t i o n s .  
f l g u r a t l o n ,  t h e  Centaur was h e l d  i n  f l i g h t - l i k e  
l a t c h e s  t h a t  were suppor ted i n  one o f  two ways. 
The fo rward  end was suppor ted by a l o w - s t i f f n e s s  
s t r u c t u r e  w h i l e  t h e  a f t  end was suppor ted i n  h l g h -  
s t i f f n e s s  s t r u c t u r e s .  Both  suppor t  methods were 
des igned t o  m l n l m l z e  dynamic i n t e r a c t i o n  between 
Centaur and I t s  suppor t .  A t  t h e  fo rward  end t h e  
l a t c h e s  were a t t a c h e d  t o  t h e  fo rward  r e a c t i o n  
frame. Th ls  frame was suppor ted on a i r  bags and 
loaded w i t h  we igh ts  t o  produce a n a t u r a l  f requency  
w e l l  below t h e  range o f  I n t e r e s t .  The a f t  end 
l a t c h e s  were suppor ted by h i g h - s t l f f n e s s  s tan-  
ch ions .  I n  t h e  p r i m a r y  l o a d  d i r e c t i o n s  t h e  s tan-  
ch ions  were des igned t o  have a minimum s t i f f n e s s  o f  
7 5 0  000 l b / l n .  B a s i c a l l y .  two types  o f  dynamic 
t e s t s  were conducted. The f i r s t  was a s e r i e s  o f  
f o u r  s t e p - r e l a x a t i o n  t e s t s  t o  de termine t r a n s i e n t  
response. Tes t  parameters a r e  g i v e n  i n  Table 2 and 
a ske tch  o f  t h e  t e s t  se tup  i s  shown i n  F i  9 The 
second t y p e  o f  t e s t i n g  was modal t e s t i n g . y i * 1 6  
Modal response was determined u s i n g  random, s i n e  
sweep, and s i n e  d w e l l  e x c i t a t i o n .  I n  t h e  cargo  
element c o n f l g u r a t i o n  t e s t i n g  was conducted w i t h  
t h e  l i q u i d  oxygen t a n k  e i t h e r  f u l l  o f  water  o r  
empty. 
32 000 l b  of mass t o  t h e  system. I n  a d d i t i o n .  two 
types  o f  boundary c o n d i t i o n s  were t e s t e d .  f o r  t h e  
f i r s t  t y p e  t h e  f r l c t l o n  d i r e c t i o n s  a t  t h e  boundar ies 
were f r e e  t o  move w i t h o u t  mechanical r e s t r a i n t .  For 
t h e  second t y p e  a m a j o r i t y  o f  t h e  f r i c t i o n  d i r e c -  
t i o n s  were mechan ica l l y  r e s t r a i n e d  f r o m  s l i d i n g .  
For t h e  cargo  element c o n f i g u r a t i o n .  t h e  
r e s u l t s  o f  random t e s t i n g  was used p r l m a r i l y  as a 
p r e l l m l n a r y  method f o r  i d e n t i f y i n g  modes. 
mode c h a r a c t e r l z a t l o n  was based on h i g h  f o r c e  l e v e l  
s i n e  d w e l l  e x c l t a t l o n  where t h e  e f f o r t  was concen- 
t r a t e d  on modes t h a t  p r e t e s t  a n a l y s i s  showed were 
major  l o a d  producers .  The s l n e  d w e l l  f o r c e  l e v e l  
The second c o n f i g u r a t i o n  i s  t h e  
For dynamtc t e s t i n g  i n  t h e  cargo element con- 
F i l l l n g  t h e  t a n k  w i t h  water  added about  
F i n a l  
was v a r i e d  t o  determine t h i s  e f f e c t  on modal char- 
a c t e r i s t i c s .  The s i n e  sweep d a t a  was used p r i m a r i l y  
t o  h e l p  i d e n t i f y  c l o s e l y  spaced modes. 
Centaur and I n  I t s  i n t e r f a c e  w i t h  S h u t t l e ,  o n l y  a 
smal l  subset  o f  t h e  t e s t s  descr ibed above a r e  
r e q u i r e d .  Cargo element s t i f f n e s s  t e s t  c o n d i t i o n s  
2 and 3 d e f i n e d  t h e  s t i f f n e s s  n o n l i n e a r i t y  a t  the 
fo rward  end o f  Centaur w h i l e  suppor ted i n  l a t ches .  
Test c o n d i t i o n s  1 and 5 o f  t h e  Centaur G fo rward  
adapter  s t l f f n e s s  t e s t  d e f i n e d  t h e  magnitude and 
source o f  t h e  n o n l i n e a r i t y  i n  t h e  Centaur a lone.  
I n  t h e  dynamic area, s i n e  sweep e x c i t a t i o n  t h a t  
loaded t h e  fo rward  end o f  Centaur G-prime i n  t h e  
p i t c h  d i r e c t i o n  showed t h e  ' jump" assoc ia ted  w i t h  
resonance i n  n o n l i n e a r  systems. S ine  d w e l l  d a t a  
f o r  t h e  l i q u i d  oxygen tank  f u l l  o f  water  and t h e  
f r i c t i o n  boundar ies f r e e  t o  s l i d e  p r o v i d e d  t h e  data 
t h a t  w i l l  be presented t o  show t h e  e f f e c t  o f  f o r c e  
l e v e l  on t h e  f requency o f  t h e  I m p o r t a n t  modes. And 
s t e p - r e l a x a t i o n  t e s t  2 combined n o n l i n e a r  s t i f f n e s s  
and f r i c t i o n  i n  a s i n g l e  t r a n s i e n t  response. 
To d e s c r i b e  t h e  n o n l i n e a r l t i e s  e x i s t i n g  I n  STS 
N o n l i n e a r  Resu l ts  
Test c o n d i t i o n s  2 and 3 o f  t h e  Centaur G-prime 
cargo element s t i f f n e s s  t e s t s  d e f i n e d  a n o n l i n e a r i t y  
a s s o c i a t e d  w i t h  t h e  Centaur fo rward  suppor t  s t r u c -  
t u r e  i n  s e r i e s  w i t h  t h e  t r u n n i o n - t o - l a t c h  connect ion 
a t  t h e  fo rward  end. F i g u r e  10 shows the  l oad  p o i n t  
fo rce-d isp lacement  r e l a t i o n s h i p s  f o r  these two 
t e s t s .  F i g u r e  l O ( a )  shows t h e  yaw o r  Y - d i r e c t i o n  
l o a d i n g  r e s u l t s .  The da ta  p o i n t s  a r e  f o r  l o a d i n g  
f rom 5000 l b  th rough zero t o  -10 000 l b .  The f i g u r e  
shows t h a t  t he  n o n l i n e a r  behav io r  can be a p p r o x l -  
mated as b i l i n e a r  behav io r  by f a i r i n g  t h r e e  s t r a i g h t  
l i n e s  th rough t h e  da ta .  The s m a l l e r  s lope i s  l e s s  
than 40 p e r c e n t  o f  t h e  l a r g e r  s lope.  A l oad  p o i n t  
f o r c e  o f  about  1000 l b  was r e q u i r e d  b e f o r e  t h e  
h i g h e r  s lope was achieved.  F i g u r e  10(b)  shows t h e  
p i t c h  o r  Z - d i r e c t i o n  l o a d i n g  r e s u l t s .  Here t h e  
d a t a  show l o a d i n g  f r o m  5000 l b  th rough zero  t o  
-20 000 l b .  Again, a b i l i n e a r  approx imat ion  o f  the 
t e s t  d a t a  looks  reasonable.  The r a t i o  o f  t h e  t w o  
s lopes  I s  about  t h e  same as f o r  yaw l o a d i n g .  I f  
t h e  d a t a  a r e  centered  about  t h e  o r i g i n ,  a f o r c e  of 
about  1500 l b  I s  r e q u i r e d  t o  ach ieve  t h e  h i g h e r  
s lope.  Th is  r e l a t e s  t o  a r e a c t i o n  f o r c e  o f  about 
1000 l b  on each s i l l  t r u n n i o n  a t  t h e  i n t e r f a c e  w i t h  
i t s  l a t c h .  
The n o n l i n e a r  behav io r  shown I n  F ig .  10 repre- 
sents a cornbinat ion o f  t h e  n o n l i n e a r i t y  i n  t h e  
t r u n n i o n / l a t c h / r a t l  connect lon  and t h a t  i n  t h e  for- 
ward suppor t  s t r u c t u r e .  There was n o t  enough 
i n s t r u m e n t a t i o n  i n  the  t e s t  t o  a c c u r a t e l y  separate 
t h e  c o n t r i b u t i o n  f rom t h e  two sources. The Centaur 
G fo rward  adapter  s t i f f n e s s  t e s t  p r o v i d e d  an oppor- 
t u n i t y  t o  e s t i m a t e  t h e  c o n t r i b u t i o n  o f  t h e  forward 
suppor t  s t r u c t u r e  a lone.  F i g u r e  11 shows load  p o i n t  
response as w e l l  as d isp lacement  across one j o i n t .  
F i g u r e  l l ( a )  shows s i l l  beam response. These data 
show t h a t  t h e  d e v i a t i o n  f rom l i n e a r i t y  a t  t he  load 
p o i n t  takes  p l a c e  a t  t h e  same t i m e  t h e r e  i s  a very 
s i g n i f i c a n t  s o f t e n i n g  o f  t h e  j o i n t .  Th is  leads t o  
t he  c o n c l u s i o n  t h a t  t h e  j o i n t s  a r e  t h e  source o f  
t h e  l o a d  p o i n t  n o n l i n e a r i t y .  The reduced s t i f f n e s s  
takes  p l a c e  over a change i n  l o a d  o f  about  2500 l b  
o r  t1250 l b .  F i g u r e  l l ( b )  shows t h e  kee l  beam 
response. Resu l ts  a r e  s i m i l a r  t o  those o f  t h e  s i l l  
beam. Reduced s t i f f n e s s  here  I s  p r e s e n t  over a 
change i n  l oad  o f  about  2800 l b  o r  51400 l b .  The 
fo rward  adapter  s t i f f n e s s  t e s t  d a t a  show t h a t  a 
s i g n i f i c a n t  n o n l i n e a r i t y  e x i s t s  i n  t h e  fo rward  
suppor t  s t r u c t u r e .  There fore ,  t h e  fo rward  suppor t  
s t r u c t u r e  was a s i g n i f i c a n t  c o n t r i b u t o r  t o  t h e  
n o n l i n e a r  response found I n  Centaur 6-pr ime t e s t i n g .  
Dynamica l l y .  t h e  s t i f f n e s s  n o n l i n e a r l t i e s  j u s t  
descr ibed had t h e i r  most s i g n i f i c a n t  e f f e c t  on modes 
t h a t  loaded t h e  f o r w a r d  suppor t  s t r u c t u r e .  p a r t i c u -  
l a r l y  t h e  fo rward  p i t c h  mode. F i g u r e  12 shows t h e  
response o f  t h i s  mode t o  s i n e  sweep e x c i t a t i o n .  
The p l o t  i s  a t i m e  h i s t o r y  o f  s i l l  t r u n n i o n  r e a c t i o n  
f o r c e .  
250 l b  a p p l i e d  t o  t h e  s imu la ted  s p a c e c r a f t  i n  t h e  
Z - d i r e c t i o n  and e x c i t a t i o n  f requency was I n c r e a s i n g  
a t  a c o n s t a n t  r a t e  o f  about  0.03 Hz/sec. The peak 
response occur red  a t  a f requency o f  7.5 H z .  The 
r a p i d  d rop  o f f  I n  response i s  t y p i c a l  o f  systems 
c o n t a i n i n g  n o n l i n e a r  s t i f f n e s s  elements. 
F i g u r e  13 shows t h e  e f f e c t  o f  e x c i t a t i o n  f o r c e  
on modal f requency f o r  t h e  fo rward  p i t c h  mode and 
f o u r  o t h e r  i m p o r t a n t  modes. Random e x c i t a t i o n  t e s t  
r e s u l t s  a r e  a l s o  shown i n  t h i s  f i g u r e .  The behav io r  
shown i n  t h e  f i g u r e  i s  t h e  r e s u l t  o f  two opposing 
n o n l i n e a r  e f f e c t s .  The f i r s t  e f f e c t  i s  f r i c t i o n .  
A t  low f o r c e  l e v e l s  t h e  t r u n n i o n / l a t c h  j o i n t s  s t i c k  
i n c r e a s i n g  system s t i f f n e s s  and n a t u r a l  f requency.  
A t  h i g h e r  f o r c e  l e v e l s  t h e  j o i n t s  s l i d e ,  r e d u c i n g  
t h e  s t i f f n e s s  and n a t u r a l  f requency.  T h i s  e f f e c t  
was examined a n a l y t i c a l l y  w i t h  t h e  p r e t e s t  FEM by 
u s i n g  two s e t s  o f  boundary c o n d i t i o n s .  I n  t h e  f i r s t  
s e t  a l l  t r u n n i o n s  were f r e e  t o  s l i d e  I n  t h e  f r i c t i o n  
d i r e c t i o n s .  For t h e  second s e t  a l l  t h e  t r u n n i o n s  
d i r e c t l y  loaded by g r a v i t y  were f i x e d  I n  t h e  f r i c -  
t i o n  d i r e c t i o n .  Tab le  3 g i v e s  t h e  r e s u l t s  o f  d o i n g  
t h i s .  These r e s u l t s  show t h a t  f r i c t i o n  r e s t r a i n t  
should have a s i g n i f i c a n t  e f f e c t  on t h e  a x i a l  mode, 
a moderate e f f e c t  on t h e  yaw modes and l i t t l e  o r  no 
e f f e c t  on t h e  p i t c h  modes. 
The s t i f f n e s s  n o n l i n e a r i t y ,  hav ing  t h e  charac-  
t e r i s t i c s  o f  a harden ing  s p r i n g ,  causes an i n c r e a s e  
i n  f requency  w i t h  i n c r e a s i n g  f o r c e  l e v e l .  T h i s  
n o n l i n e a r t t y  w i l l  have t h e  g r e a t e s t  e f f e c t  on modes 
t h a t  l oad  t h e  f o r w a r d  end o f  Centaur. For t h e  f o r c e  
l e v e l s  used i n  t h e  modal survey. t h e  j o i n t  f r i c t i o n  
e f f e c t  appears t o  predominate on f o u r  o f  t h e  modes. 
Only t h e  fo rward  p i t c h  mode increased I n  f requency.  
Q u a l i t a t i v e l y .  a t  l e a s t ,  t h e  r e s u l t s  shown i n  
F i g .  13 agree w i t h  t h e  expected e f f e c t s  o f  t h e  two 
n o n l i n e a r i t i e s .  
The peak e x c i t a t i o n  f o r c e  was a c o n s t a n t  
Development o f  a N o n l i n e a r  Model Using NASTRAN 
The NOLINl element a v a i l a b l e  i n  NASTRAN was 
used t o  model t h e  s t i f f n e s s  n o n l i n e a r i t y  i n  t h e  
S h u t t l e K e n t a u r  system. The s t i f f n e s s  n o n l i n e a r i t y  
was a r e s u l t  o f  n o n l i n e a r i t y  i n  t h e  fo rward  suppor t  
s t r u c t u r e  o f  Centaur i n  s e r i e s  w i t h  t h e  n o n l i n e a r i t y  
a t  t h e  t r u n n l o n / l a t c h  i n t e r f a c e .  The combina t ion  
cou ld ,  t h e r e f o r e ,  be modeled as a s i n g l e  n o n l i n e a r -  
i t y .  The N O L I N l  elements were p laced a t  t h e  
t r u n n i o n - t o - l a t c h  I n t e r f a c e .  F i g u r e  14 shows t h i s  
s c h e m a t i c a l l y .  F i g u r e  15 shows t h e  f o r c e / d i s p l a c e -  
ment p r o p e r t i e s  o f  t h e  NOLINl element used i n  t h e  
model. These p r o p e r t i e s  were based on t h e  s t i f f -  
ness t e s t  d a t a  shown i n  F ig .  1 0 ( b ) .  
To check t h e  o p e r a t i o n  o f  t h e  NOLINl elements 
f o r  c o r r e c t n e s s ,  t h e  d i r e c t  t r a n s l e n t  s o l u t i o n  was 
used f o r  a s t a t i c  l o a d  a p p l i e d  a t  t h e  s imu la ted  
s p a c e c r a f t .  The load/d isp lacement  r e s u l t s  a r e  com- 
pared t o  t h e  t e s t  d a t a  i n  F i g .  16. Whi le  t h e  model 
d i d  n o t  t r a c k  t h e  t e s t  d a t a  p r e c i s e l y ,  t h e  agreement 
3 
was c l o s e  enough t o  use the  model f o r  subsequent 
n o n l i n e a r  t r a n s i e n t  a n a l y s l s .  
T h i s  model was a l s o  used I n  an a t t e m p t  t o  
s i m u l a t e  t h e  response o f  t h e  fo rward  p i t c h  mode t o  
s i n e  sweep e x c i t a t i o n  shown i n  F i g .  12. The simu- 
l a t i o n  was done by a p p l y l n g  s i n e  d w e l l  e x c i t a t i o n  
i n  a s tepwlse  f a s h i o n  through t h e  f requency range 
of I n t e r e s t  a g a l n  u s l n g  t h e  d i r e c t  t r a n s i e n t  s o l u -  
t i o n .  Four e x c l t a t l o n  f o r c e  l e v e l s  were a p p l i e d :  
250. 500, 1000, and 2000 l b .  F i g u r e  17 shows t h e  
r e s u l t s  o f  t h i s  s i m u l a t i o n  f o r  a f o r w a r d  s i l l  t r u n -  
n i o n  r e a c t l o n  f o r c e .  For t h e  250 l b  e x c l t a t l o n  
f o r c e  case, peak response occur red  a t  7.7 Hz com- 
pared t o  7.5 Hz obta ined d u r i n g  t h e  s i n e  sweep 
t e s t .  F i g u r e  18  shows the change i n  resonance 
f requency  w i t h  inc reased d r i v i n g  f o r c e  p r e d i c t e d  by 
t h e  a n a l y s i s  and compares i t  t o  t e s t  da ta .  A t  h i g h  
d r l v l n g  f o r c e  l e v e l s  t h e  f requency a s y m p t o t l c a l l y  
approaches 11 Hz,  t h e  frequency o f  t h e  fo rward  
p i t c h  mode w i t h o u t  t h e  NOLINl e lement .  The good 
agreement between dynamlc t e s t  and a n a l y s l s  
p r o v i d e s  a d d l t i o n a l  evidence t h a t  t h e  NOLINl 
element adequate ly  represents  t h e  s t i f f n e s s  
n o n l l n e a r l t y .  
Tes t /Ana lys is  C o r r e l a t i o n  f o r  Centaur 
6-Prime Trans ien t  Response 
T h i s  s e c t i o n  presents  a comparlson o f  t e s t  and 
a n a l y t i c a l  r e s u l t s  i n  both t h e  t i m e  domain and f r e -  
quency domain f o r  t h e  s t e p - r e l a x a t i o n  t e s t .  Table 4 
g l v e s  some d e t a i l s  about  t h e  t h r e e  a n a l y t i c a l  models 
used I n  t h l s  comparison. As a b a s i s  f o r  comparison 
between t e s t  and a n a l y s l s ,  s e v e r a l  r e p r e s e n t a t i v e  
sensors were s e l e c t e d .  R e f e r r i n g  t o  F i g .  9, t h e y  
were a c c e l e r a t l o n  i n  t h e  s imu la ted  s p a c e c r a f t  ( A l Z ) ,  
a c c e l e r a t i o n  a t  t h e  i n t e r f a c e  between t h e  s imu la ted  
s p a c e c r a f t  and spacecra f t  adapter  ( A Z Z ,  A4Z). reac-  
t l o n  f o r c e  a t  t h e  forward suppor t  s t r u c t u r e  l e f t  
s i l l  t r u n n i o n  ( R l Z ) .  and r e a c t l o n  f o r c e  a t  t h e  CSS 
l e f t  f o r w a r d  ( R 5 Z )  and a f t  ( R 7 Z )  s l l l  t r u n n i o n s .  
F l g u r e  19 presents  t i m e  h i s t o r y  r e s u l t s  f o r  
t h e  GP5.0 model f o r  f o u r  l o c a t i o n s  a l o n g  t h e  l e n g t h  
o f  t h e  s t r u c t u r e .  The r e s u l t s  a r e  i n  poor  agreement 
w i t h  t h e  t e s t  da ta .  The response o f  t h e  model i s  
much l e s s  t h a n  measured a t  t h e  f o r w a r d  end o f  t h e  
Centaur (sensors  A12 and R1Z) w h i l e  g r e a t e r  than 
measured a t  t h e  a f t  end (sensors R5Z and R7Z). 
F i g u r e  20 presents  r e s u l t s  f r o m  t h e  p o s t - t e s t  
l i n e a r  model, GP6.0M. for t h e  same f o u r  l o c a t l o n s .  
The agreement between t e s t  and a n a l y s i s  I s  g r e a t l y  
improved and a t  each l o c a t l o n  t h e  measured response 
i s  bounded by  t h e  a n a l y t l c a l  r e s u l t s .  For  t h e  f i r s t  
2 o r  3 c y c l e s  t h e  model t r a c k s  t h e  t e s t  d a t a  w i t h  
good accuracy b u t  beyond t h i s  t h e  agreement 
degrades. The comparison shows t h a t  t h e  model I s  
t o o  h e a v i l y  damped a t  the a f t  end. T h l s  I s  a r e s u l t  
o f  u s i n g  4.6 percent  s t r u c t u r a l  damping when I n  
r e a l i t y  t h e  damplng i s  concentrated a t  t h e  fo rward  
end where t h e  j o i n t s  a re  l o c a t e d .  
(GP6.0NL) r e s u l t s .  Th ls  model p r o v i d e s  a s l i g h t l y  
more a c c u r a t e  r e p r e s e n t a t i o n  o f  t h e  measured 
response f o r  t h e  i n i t l a l  p a r t  o f  t h e  t l m e  h i s t o r y .  
I n  genera l  t h e  d l f f e r e n c e  I n  response between t h e  
GP6.0M and GP6.0NL models appears s l i g h t .  Both 
models would b e n e f i t  f r o m  a b e t t e r  d l s t r l b u t i o n  o f  
darnping w i t h  most o f  the  damping concent ra ted  a t  
t h e  f o r w a r d  end. 
F i g u r e  21 presents  t h e  n o n l i n e a r  model 
The r e a l  c o n t r i b u t i o n  o f  t h e  n o n l i n e a r  model 
i s  i l l u s t r a t e d  i n  t h e  response s p e c t r a  p l o t s  p re-  
sented i n  F i g s .  22 and 23. F i g u r e  22 compares t h e  
measured response on t h e  s l m u l a t e d  s p a c e c r a f t  w i t h  
r e s u l t s  f r o m  t h e  GP6.0M and GP6.ONL models. The 
l i n e a r  model appears t o  p r o v i d e  a good match i n  
f requency c o n t e n t  w h i l e  t h e  n o n l i n e a r  model shows 
a d d l t i o n a l  mid- (26  HZ) and h igh- f requency  (41 Hz)  
c o n t e n t  t h a t  i s  n o t  apparent  I n  t h e  t e s t  response. 
However, a t  t h e  i n t e r f a c e  between t h e  s i m u l a t e d  
s p a c e c r a f t  and i t s  adapter  (A22, A4Z), t h e  t e s t  
r e s u l t s  show f requency  c o n t e n t  a t  t h e  mid-  and 
h igh- f requency  l e v e l s .  The h i g h e r  f requenc ies  do 
n o t  appear I n  t h e  l i n e a r  model r e s u l t s  w h i l e  t h e y  
a r e  p r e s e n t  i n  t h o s e  f o r  t h e  n o n l i n e a r  model. 
These r e s u l t s  show t h a t  t h e  n o n l i n e a r  representa-  
t i o n  I s  necessary I n  o r d e r  t o  reproduce t h e  f u l l  
spect rum o f  f requenc ies .  
Conc lud lnq  Remarks 
S t a t i c  and dynamlc t e s t i n g  o f  t h e  Centaur 
6-pr ime I n  t h e  cargo  element c o n f i g u r a t i o n  showed 
t h a t  s i g n l f l c a n t  n o n l i n e a r l t l e s  e x l s t e d  i n  t h l s  
system. Based on t e s t  da ta ,  two a n a l y t l c a l  models 
were developed. The f l r s t  was a l i n e a r  model. The 
second model con ta ined n o n l i n e a r  elements a t  t h e  
boundar les.  The l i n e a r  model a c c u r a t e l y  reproduced 
t h e  low f requency response measured d u r i n g  t e s t i n g .  
The n o n l i n e a r  model reproduced t h i s  l o w  f requency 
response as w e l l  as response a t  h l g h e r  f requenc ies .  
T h l s  model was a l s o  a b l e  t o  reproduce o t h e r  non- 
l l n e a r  behav lo r  observed d u r l n g  t h e  t e s t i n g .  The 
accuracy o f  b o t h  models would be Improved by a more 
r e a l l s t l c  d i s t r l b u t l o n  o f  damping. 
T h i s  e f f o r t  t o  Improve c o r r e l a t i o n  between 
t e s t  and a n a l y s l s  cons ldered o n l y  one o f  t h e  non- 
l i n e a r i t i e s  observed I n  t e s t i n g  Centaur (1.e.. a 
s t i f f n e s s  n o n l i n e a r i t y )  and concent ra ted  on a t r a n -  
s i e n t  response t h a t  e x e r c l s e d  o n l y  one predomlnate 
mode. The complete e v a l u a t l o n  o f  t h e  dynamic 
response o f  STS Centaur r e q u i r e s  c o n s l d e r a t l o n  o f  
o t h e r  n o n l i n e a r  e f f e c t s  such as f r i c t i o n .  C o r r e l a -  
t i o n  w i t h  t e s t  d a t a  where o t h e r  predomlnate modes 
were e x c i t e d  a l s o  needs t o  be i n v e s t i g a t e d .  
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TABLE 1. - STS CENTAUR STIFFNESS TESTS 
~~ 
Centaur 
c o n f i g u r a t i o n  
~ 
Componentlsystem 
G-prime 
G-prime 
G 
G 
c o n d i t i o n s  
F i g .  8 
F ig .  7 
F i g .  6 
css 
Cargo element 
Forward adapter  
css 
TABLE 2. - STEP-RELAXATION TEST PARAMETERS 
1 
A p p l i e d  fo rce ,  D i r e c t i o n  LOX t a n k  I nL:iLr I Id l b  wa te r  l e v e l  
15 Z F u l l  
30 Z F u l l  
1 5  Empty 1 ‘Y 1 F u l l  I 
TABLE 3. - EFFECT ON NATURAL FREQUENCY 
OF PREVENTING SLIDING I N  GRAVITY 
LOADED TRUNNIONS 
(w i th  r e s t r a i n t /  
w i t h o u t  r e s t r a i n t )  
Model 
d e s i g n a t i o n  
A x i a l  
F o r w a r d  y a w l r o l l  
A f t  yaw 
A f t  p i t c h  
Forward  p i t c h  
D e s c r i p t i o n  
1.27 
1.13  
1.10 
1.02 
1.00 
GP5.0 
GP6.0M 
G P6. ONL 
B a s e l i n e  model. 
s t a t i c a l l y  r e d u c e d  t o  208 DOF. 
c e n t  s t r u c t u r a l  damping. S t i f f n e s s  
p a r t i a l l y  v e r i f i e d  b y  t e s t .  
B a s i c  FEM s t i f f n e s s  v e r i f i e d  b y  t e s t  
da ta .  L i n e a r  s p r i n g s  added a t  bound- 
a r i e s  t o  f o r c e  agreement w i t h  modal 
s u r v e y  f r e q u e n c i e s .  S t r u c t u r a l  damp- 
i n g  i n c r a s e d  t o  4.6 p e r c e n t  t o  agree  
with modal s u r v e y  r e s u l t s .  
L i n e a r  s p r i n g s  r e p l a c e d  b y  b i l i n e a r  
s p r i n g  based on s t i f f n e s s  t e s t  d a t a .  
S t r u c t u r a l  damping = 4.6 p e r c e n t .  
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(B) TEST CONDITION 3 (Z-DIRECTION). 
FIGURE 10. - NONLINEAR STIFFNESS OF CENTAUR G-PRIME 
IN CARGO ELEMENT CONFIGURATION (LOAD POINT 
RESPONSE). 
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FIGURE 11. - NONLINEAR STIFFNESS OF CENTAUR G FORWARD 
ADAPTER. 
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FIGURE 17. - RESPONSE OF CENTAUR G-PRIME NONLINEAR 
MODEL TO SIMULATED SINE SWEEP EXCITATION. 
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FIGURE 18. - EFFECT OF DRIVING FORCE ON FREQUENCY OF 
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FIGURE 19. - COMPARISON OF STEP-RELAXATION TIME 
HISTORY WITH GP 5.0 MODEL. 
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FIGURE 20. - COMPARISON OF STEP-RELAXATION TIME 
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FIGURE 21. - COMPARISON OF STEP-RELAXATION TIME 
HISTORY WITH GP 6.0 NL MODEL. 
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FIGURE 22. - COMPARISON OF SIMULATED SPACECRAFT 
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FOR STEP-RELAXATION TEST. 
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